Abstract Based on a linearized MHD model, the effect of equilibrium current profiles on external kink modes in tokamaks is studied by MARS code. Three types of equilibrium current profiles are adopted in this work. Firstly, a set of parabolic equilibrium current profiles are chosen. In these profiles the maximum current values in the center of the plasma are fixed, and the currents have different gradient and jump at the plasma boundary. The effects of the current gradient and jump on the growth rate of external kink mode are investigated. It is found that the current jump which causes the q profiles to change plays an important role in the external kink modes in tokamaks. Secondly, a set of step equilibrium current profiles with different jump positions are chosen. The effect of jump position on external kink modes is discussed. Thirdly, a set of parabolic equilibrium current profiles with current bumps are chosen for the case of off-axis heating. The effects of height, width and position of the current bumps on external kink modes are analyzed. The flat equilibrium current profiles are disadvantageous for the MHD stabilities of tokamaks, because of the large current jump at the plasma edge. The peaked equilibrium current profiles and a large and localized current bump near the plasma edge benefit the MHD stabilities of tokamaks.
Introduction
The primary goal of nuclear fusion research is to build a steady-state, high performance reactor that is capable of long pulses, relying mainly on the selfgenerated bootstrap current. Both fusion power and bootstrap current increase with increasing plasma pressure [1] . However, lots of obstacles block the realization of controllable stable nuclear fusion. Macroscopically, fusion devices are very large and expensive. Microscopically, there still are problems that need to be solved for the whole system to be stable. To keep nuclear fusion controllable, various kinds of MHD instability should be studied [2−4] . However, among these instability modes, the low poloidal mode number global external kink mode (XK) is the most dangerous [5] . It is well known that XK is potentially the strongest ideal MHD instability [6] . Theoretically, XK in tokamaks can be totally stabilized by putting a perfect conductive wall around the plasma. However, this kind of conductive wall does not exist and in practice there is always a finite resistance in a wall. Because of the finite resistance, another MHD instability, which is called the resistive wall mode (RWM), emerges [5] . Since the RWM comes from XK and finite resistance in wall, it is necessary to study the XK before investigation of RWM.
Although kink mode research in tokamaks has achieved much progress, there are still quite a few issues that are worthy of discussion. When a discharge occurs in advanced tokamaks, various current profiles will be generated for different purposes. Hence, the effect of different equilibrium current profiles on XK is an important issue that should not be neglected. In this work, three types of distributions of the equilibrium current densities in the plasma with toroidal geometry configuration are chosen. These profiles are used to study their effects on XK. The model is described in section 2, which is followed by the results and discussions in section 3. Finally, the conclusions are drawn in section 4.
Model
In tokamaks, the XK model can be described by linearized ideal MHD equations, as follows [7, 8] : In the plasma region:
In the vacuum region:
whereγ = γ − iω is the complex growth rate,
are perturbed quantities, representing velocity, magnetic field in plasma and vacuum, current, pressure and perturbed displacement, respectively. (B 0 , J 0 , p 0 ) are equilibrium quantities, representing magnetic field, current and pressure, respectively. Fig.1 The shape of the plasma boundary and wall
In this work, we consider a tokamak plasma with a circular cross-section and toroidal geometry, as shown in Fig. 1 . For the specified equilibrium current profile J 0 , the CHEASE code is used to give the equilibrium configuration and get the safety factor of XK. Then, the MARS-F code [9] is adapted to solve the model. The results from the MARS code can be used to study the effect of the equilibrium current profiles on XK.
3 Results and discussions
Parabolic current profiles
We adopted a set of equilibrium current profiles that have different marginal jumps at the plasma boundary. The expression of the equilibrium current is given as follows:
a is the position of the plasma boundary. With s = 1, this is the exact profile used by Wesson [6] . It can be seen that the marginal jump of the equilibrium current is becoming smaller and smaller as parameter s becomes larger. When parameter s = 0 the equilibrium current is flat and it has the largest marginal jump at the plasma boundary, as shown in the illustration.
The results of growth rates for different inverse aspect ratios are shown in Fig. 2 (c)-(e) for 0 ≤ q a ≤ 3. Here, q a is the safety factor at the plasma edge in Fig. 2(c) -(e), ranging from 0 to 3. The curve s = 1 in Fig. 2 (c) well recovers the Wesson's analytic result [6] . From Fig. 2(c) -(e), we can clearly find that for m = 2 and m = 3 modes, the growth rates both reduce with parameter s and with increasing aspect ratios. The effect of the aspect ratios is quite weak compared with the effect of the equilibrium current profiles. It is interest- ing to note that the jump at plasma edge makes the plasma more unstable. One can see that, when parameter s = 1 the gradient of the equilibrium current profile is the largest but the boundary jump is zero, and the growth rate of this equilibrium current profile is relatively small. It is also found that, for m = 1 mode the growth rate is barely changed with parameter s in the low beta case, and is little affected by the aspect ratio. For m = 2 and m = 3 modes, the growth rate is affected significantly by the current jump at the plasma boundary and aspect ratios. From Fig. 2(b) we can also find that for fixed q a the q profile has larger shear with increasing parameter s, which can also make the mode more stable.
Step current profiles
The previous section has indicated that the boundary jump on equilibrium current profile is important, and this leads us to study the marginal jump of the equilibrium current profile at different positions in the plasma region. The expression of the equilibrium profile is given as follows:
From Fig. 3(a) -(b), we can find the current jump occurring at five positions in the plasma region, including the plasma boundary and the corresponding safety factor profile for fixed q a . Fig. 4 shows that, for 0 ≤ q a ≤ 3, the growth rates of m = 2 and m = 3 modes are changed, when r c = 0.9, the growth rate of m = 3 mode is getting smaller when the current channel jump locates at r = 0.9, and it vanishes when r c < 0.9. For m = 2 mode, the trend of the growth rate change is similar to that for m = 3 mode, and it vanishes when r c < 0.8. It is easy to conclude that as long as the equilibrium current profile is narrow enough, for all the q a values and m ≥ 2 mode, the external kink mode can be stabilized. These results are also consist with the m = 1 Kruskal-Shafranov stability limit [6, 10] , the stability boundary q a = 1 can be found in Fig. 4 . Consequently, the results we gave on the first equilibrium current profiles are also demonstrated here. 
Current profiles for electron cyclotron off-axis heating
It is well known that to gain a higher beta in advanced tokomaks, efficient heating is required, and electron cyclotron off-axis heating is one of various heating means. While off-axis heating would change the equilibrium current profile in the plasma region, the value of the current will become larger locally. So, here we simulate some equilibrium current profiles by adding a current bump on the equilibrium current profile, which is off-axis heating(like the equilibrium current). Figs. 5-7 graphically show the equilibrium current profile, the pressure gradient profile, and the safety factor profile, respectively. In this case, the expression of the current is given as follows:
(9) Here, a, ε, λ, χ represent the position of plasma boundary, the height, the width and the position of the bump, respectively. We adopt a/R 0 = 0.242 to configure the toloidal geometry. The effect of the height, the width and the position of the bump on the growth rate can be simulated numerically. Figs. 8-10 compare the effect of the height, the width and the position of the bump on the growth rate, respectively. 
The effect of the height of the current bump
We fixed the position of the current bump at χ = 0.9, and the width at λ = 200 to study the effect of the height of the current bumps. A significant change can be observed in Fig. 8 . In the initial stage of the appearance of the current bump, the growth rate of kink modes begins to increase, which indicates that low current bumps at the plasma edge barely affect the growth. When the value of the height of the current bump rises to 0.4, the growth rate is maximized, and then the growth rate decreases and approaches to zero with higher current bumps. This means that the plasma can be stabilized by an equilibrium current profile with a large enough current bump at the plasma edge. We can explain this result from two aspects. On one hand, the increasing current bump makes the edge current jump vanish gradually and this causes the q profile to have a larger shear or even reversed shear, which makes the mode more stable. On the other hand, due to the equilibrium pressure gradient, the current bump induces a pressure gradient at the plasma edge, so the plasma can be stabilized by a large pressure gradient at the plasma edge. Fig.8 The growth rate versus bump height
The effect of the position of the current bump
We fixed the height of the current bump at ε = 0.3 and the width at λ = 200 to study the effect of the position of the current bumps. The result is shown in Fig. 9 , from which we can find that at first the growth rate is too small, and is nearly equal to zero. This is because the current bumps are located at the centre of the plasma, which makes the equilibrium current profiles more peaked. So the plasma is stabilized by these peaked current profiles. As the current bumps start moving away from the centre of the plasma, the growth rate increases with more and more globally extended current profiles. At last, when the current bumps move close to the plasma boundary, the growth rate changes a little. It is clearly observed that the movement of the current bumps at the plasma edge makes the pressure gradient at the plasma edge become large. Therefore, the plasma can be stabilized. We fixed the height of the current bump at ε = 0.3 and the position at χ = 0.9 to study the effect of the width of the current bumps. The result is shown in Fig. 10 . There are two steps in the variation of the growth rate. At first, the growth rate climbs up to its maximum of 0.2805 at λ = 130. The growth rate increases in the first phase because the width of the current bump makes the current profile in the plasma more global. In the second phase, the growth rate lowers when the width of the current bump becomes narrow. A narrow current bump at the plasma edge causes the plasma to have a large pressure gradient locally. Therefore, the growth of the perturbation can be stabilized. Fig.10 The growth rate versus bump width
Conclusions
In this paper, we have shown the effect of three types of equilibrium current profiles on the growth rate of XK. The relatively small poloidal mode numbers (m = 1, 2, 3) are taken into account because the free energy of the instability of low mode number can be stirred up earlier than other high poloidal mode numbers. Other instabilities, such as the peeling mode [11] , might also be excited by a large current jump at the plasma edge with a single poloidal harmonic. However, the eigenfunctions of the XK and the peeling mode have some differences. First of all, XK's eigenfunction has a global structure, while the peeling mode's eigenfunction has a local structure. In addition, the peeling mode could be excited with a high toroidal mode number, the phenomena we discussed here have a very low toroidal number (n = 1).
The equilibrium current profiles are changed from a large boundary jump at the plasma edge to no boundary jump, the current channel width is then restricted to an inner range of the plasma radius, which finally adds a current bump to simulate the effect of the offaxis heating. According to the results, we can give a conclusion for the effect of equilibrium current profile on global external kink modes, as follows: if we wish to avoid the influence of external kink modes in tokamaks, the equilibrium current profile should have no boundary jump at the plasma edge, have more peaked current profile in the centre of the plasma, and have a high and thin current bump near to the plasma edge.
